Thermally assisted hydrolysis and methylation-gas chromatography (THM-GC) in the presence of an organic alkali was applied to the direct analysis of copolymer composition for poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] accumulated in whole bacterial cells. Cupriavidus necator was grown on a liquid medium with different molar ratios of valeric acid (V) to glucose (G) in order to control the compositions of P(3HB-co-3HV) produced in the cells. Trace amounts (0.03 mg) of dried Cupriavidus necator cells were directly subjected to THM-GC in the presence of tetramethylammonium hydroxide (TMAH) at 400 C. The obtained chromatograms clearly showed nine characteristic peaks, attributed to the THM products from 3HB and 3HV units in the polymer chains, without any appreciable interference by the bacterial matrix components. Based on these peak intensities, the copolymer compositions were determined rapidly without using any cumbersome sample pretreatment. Moreover, the compositions thus obtained were in good agreement with those obtained by the conventional technique.
Introduction
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) is one of the biodegradable copolyesters produced by several species of bacteria, such as Cupriavidus necator and Bacillus megaterium, as energy storage compounds in their cells.
1,2 Figure 1 shows the chemical structure of P(3HB-co-3HV). P(3HB-co-3HV) has been widely used as compost bags and packaging materials due to its excellent physical and chemical properties, and non-toxic behavior. 1, [3] [4] [5] It is well known that the copolymer composition of P(3HB-co-3HV) is closely related to its physical properties, such as transparency, degree of crystallinity and the rate of biodegradation. 6 Furthermore, the data concerning the copolymer composition might provide a clue to elucidate the biodegradation mechanism of the polymer chains. 7 Therefore, in order to determine the species of bacteria and the culture conditions suited for the production of P(3HB-co-3HV) with high performances, it is necessary to develop a practical and highly sensitive method to analyze the copolymer composition of the copolyester accumulated in the whole cells.
In general, the copolymer composition of P(3HB-co-3HV) in bacterial cells has been analyzed by means of gas chromatography (GC) following preliminary sample treatments, such as transesterification and solvent extraction. [8] [9] [10] [11] [12] Typically, centrifuged cells were suspended in a mixture of acidic methanol (~10% H2SO4, v/v) and chloroform, and then the mixture was heated at an elevated temperature of around 100 C for a few hours to depolymerize P(3HB-co-3HV) into its constituent monomers through trans-methylation. After cooling to room temperature, the monomer components were isolated by liquid-liquid extraction using water as a medium, and then subjected to GC. This technique, however, required a fairly large amount of sample (at least 20 mg) and a relatively long sample pretreatment time (approximately half a day) prior to a final GC measurement.
To shorten the sample pretreatment time, Betancourt et al. developed a rapid microwave assisted esterification technique for the analysis of P(3HB) in bacteria by GC. 12 In this technique, the lyophilized bacterial biomass was directly subjected to microwave irradiation in acidic methanol to esterify P(3HB) rapidly in the whole cells. By using this technique, they drastically reduced the time required for the esterification process of P(3HB) to 4 min. This method, however, was not always applied to routine analyses because a relatively large amount of sample (at least a few mg) was still needed for the sample pretreatment.
On the other hand, thermally assisted hydrolysis and methylation-GC (THM-GC) in the presence of a strong organic alkali, such as tetramethylammonium hydroxide (TMAH; (CH3)4NOH), has become a powerful technique for the structural and compositional analysis of various condensation polymers. [13] [14] [15] [16] The THM reaction under optimized conditions allows for the quantitative detection of the constituent monomers in the polymer chains as their corresponding methyl derivatives through selective hydrolysis of the ester or carbonate linkages and subsequent methylation by TMAH. The authors reported that the copolymer composition of a biodegradable copolyester, poly(butylene succinate-co-butylene adipate) (PBSA), was successfully determined by means of THM-GC using trace amounts (ca. 0.02 mg) of the film samples. 15, 16 In this work, the biodegradation behavior of PBSA was also evaluated by focusing on the change in copolymer compositions measured by THM-GC. Furthermore, we have also exploited this technique to determine the copolymer composition of trace amounts (ca. 0.1 mg or less) of isolated P(3HB-co-3HV). 17 It was revealed that P(3HB-co-3HV) subjected to pyrolysis in the presence of TMAH around 400 C underwent not only the typical THM reaction, but also cis-elimination of the ester linkages, followed by hydrolysis and methylation of the adjacent ester bond. Based on the peak intensities of the products formed from these reactions, the copolymer compositions were analyzed precisely and accurately without using any cumbersome pretreatment.
In this study, we attempted the rapid and direct analysis of copolymer compositions for P(3HB-co-3HV) accumulated in bacteria by means of the THM-GC technique in the presence of TMAH. First, bacterial cells containing P(3HB-co-3HV) with various copolymer compositions were cultured, and were directly subjected to THM-GC measurements without any sample pretreatment. Then, for the sake of validating the THM-GC method, the measured copolymer compositions of P(3HB-co-3HV) in bacteria were compared to those by the conventional method involving off-line trans-methylation and solvent extraction.
Experimental

Materials
C. necator NBRC 102504 purchased from NITE Biological Resources Center (NBRC, Japan) was used, since the species had been extensively studied for the production of P(3HB-co-3HV). 2 The Industrially available P(3HB-co-3HV) (Mitsubishi Gas Chemical Co., Inc., Japan) with 15 mol% 3HB and 85 mol% 3HV contents, in the form of fine powders was also utilized. A methanol solution of TMAH (2.2 M) was purchased from Aldrich (Milwaukee, WI). In addition, methanol containing 10% v/v of H2SO4 supplied from Supelco Inc. (Bellefonte, PA) was also used for the trans-methylation of P(3HB-co-3HV) in the conventional method. CuCl2.2H2O). The bacteria in 200 mL of the culture volume were incubated in a rotary shaker (55 rpm) for 48 h at 30 C. The cells were harvested by centrifugation, and then transferred to a nitrogen-limiting medium containing valeric acid as a sole carbon source to promote P(3HB-co-3HV) accumulation. In this second stage, the medium was prepared as follows based on the report by Abdelhad et al.
MgSO4.7H2O, and 1 mL of the same solution of trace elements as that in the initial stage. The culture volume and pH of the medium were then set at 200 mL and 6.8, respectively. Here, the molar ratio of valeric acid, added in the medium at the second stage, to glucose (V/G) added at the first stage was changed in the range of 0.125 -0.5 in order to control the copolymer compositions of P(3HB-co-3HV) contained in the cells. After incubated in a rotary shaker (55 rpm) for 96 h at 30 C, the cells were centrifuged, washed with acetone, and then dried for 20 min at 70 C. The obtained dried powder cells were subjected to the THM-GC method and conventional GC involving off-line transmethylation.
Conditions for THM-GC
The THM-GC system used in this study was basically the same as that described in our previous paper. 17 A vertical microfurnance pyrolyzer (PY-2020iD, Frontier Laboratories, Koriyama, Japan) was attached to a GC (GC2010 Plus, Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID). A small platinum samples cup (2 mm i.d. × 4 mm height) containing 30 ± 5 μg of the powder samples of the bacterial cells or P(3HB-co-3HV) together with 4 μL of TMAH solution was dropped into the heated center of a pyrolyzer maintained at 400 C under a helium carrier gas flow (50 mL min -1 ). A part of the flow (1 mL min -1 ) reduced by a splitter was introduced into a metal capillary separation column (Ultra ALLOY-5 (MS/HT); 30 m long × 0.25 mm i.d., Frontier Laboratories) coated with immobilized 5% diphenyl-95% dimethylpolysiloxane (1.0 μm film thickness). The column temperature was programmed from 35 to 300 C at a rate of 5 C min -1 . Identification of the peaks on the chromatograms was carried out by using a THM-GC-mass spectrometer (MS) (QP-5050, Shimadzu) with an electron ionization (EI) source.
Procedure for trans-methylation and solvent extraction followed by GC analysis
Trans-methylation and solvent extraction of P(3HB-co-3HV) in the bacterial cells weighing ca. 20 mg were performed according to the procedure reported by Braunegg et al. 10 The methyl esters of 3HB and 3HV, prepared through transmethylation with methanol containing 10% H2SO4 at 100 C for 3.5 h, were extracted with water, and then analyzed by an ordinary GC system under the same chromatographic conditions as for the THM-GC measurements. Figure 2 shows typical chromatograms of (a) P(3HB-co-3HV) and (b) intact C. necator cells cultured in the medium, in which the ratio of valeric acid to glucose (V/G) was set at 0.125, obtained by THM-GC in the presence of TMAH at 400 C. As was reported in our previous paper, 17 on the chromatogram of P(3HB-co-3HV) (a), a series of peaks attributed to the products from 3HB unit (peaks 1 -3, and 8) and 3HV unit (peaks 4 -7, and 9) were clearly observed after the elution of the reagentrelated products. Table 1 summarizes the assignment of these characteristic peaks together with their molecular structures, origins and effective carbon numbers (ECN) corresponding to the relative molar sensitivities for FID. 20 Among these products, the peak 8 (methyl 3-methoxybutanoate) and peak 9 (methyl 3-methoxypentanoate) were formed from 3HB and 3HV units, respectively, through the typical THM reaction while the other products with olefinic structures were considered to be generated by cis-elimination reaction of the ester linkages followed by the THM reaction at the adjacent ester bond. 17 Similarly to the case for the P(3HB-co-3HV) sample, the chromatogram of the C. necator sample (b) clearly showed the nine characteristic peaks derived from 3HB and 3HV units in the polymer chains. Although peaks 3 and 4 were slightly overlapped with those derived from the bacterial matrix components, such as lipids and proteins, the interference was not appriciable so that the sufficient reproducibility of the relative intensities for these nine peaks were observed (less than 10% of the relative standard deviation (RSD)). Figure 3 shows THM-gas chromatograms of the C. necator samples cultured in a liquid medium with different V/G ratios; (a) 0.125 (the same chromatogram with that in Fig. 2(b) ), (b) 0.25 and (c) 0.5. The major nine peaks derived from P(3HB-co-3HV) were commonly observed on the chromatograms. Here, it should be noted that the relative intensities of the peaks 1 -3 and 8, which were attributed to 3HB unit, gradually increased as the valeric acid concentration in the medium increased. This phenomenon might be explained by the toxic behavior of the increased amount of valeric acid to C. necator, which leads to the inhibition of biosynthesis of 3HV units and/or the change in the metabolic pathway of the bacteria. As proposed in our previous paper, 17 the total molar yields for 3HB unit (Y3HB) and 3HV unit (Y3HV) in the chromatograms are calculated from the intensities of the nine characteristic products as follows: Table 1 for the peak assignment. Table 1 for the peak assignment.
Results and Discussion
where Ii is the peak intensity of peak i in Table 1 , and ECNi is the corresponding ECN. The mole compositions of 3HB unit, C3HB (mol%), and 3HV unit, C3HV (mol%), in P(3HB-co-3HV) accumulated in the bacterial cells are estimated by the following equations, Eqs. (3) and (4), respectively:
In order to evaluate the accuracy of the THM-GC method, the products from off-line trans-methylation and solvent extraction of the bacterial cells were analyzed by an ordinary GC system. Figure 4 shows gas chromatograms of the solvent extracts from the C. necator samples cultured in the medium with different V/G ratios: (a) 0.125, (b) 0.25 and (c) 0.5. After elution of the solvent peaks, the peaks of methyl 3-hydroxybutanoate and methyl 3-hydroxyvalerate, derived from trans-methylation of 3HB and 3HV units, respectively, in the polymer backbones, were unambiguously observed on each chromatogram. In a way similar to the tendency shown in Fig. 3 , the relative intensity of methyl 3-hydroxybutanoate, attributed to 3HB unit, gradually increased with an increase in the valeric acid concentration in the medium. The copolymer compositions of the 3HB unit, C3HB (mol%), and 3HV unit, C3HV (mol%) in P(3HB-co-3HV) were calculated from the intensities of these two peaks observed on the chromatograms as follows:
where I3HB and I3HV are the peak intensities of methyl 3-hydroxybutanoate and methyl 3-hydroxyvalerate, respectively; ECN3HB and ECN3HV are their corresponding ECN values (3.0 and 4.0, respectively). Table 2 summarizes the data for the copolymer compositions of P(3HB-co-3HV) in the three C. necator samples obtained by the THM-GC method together with those by the conventional method. As shown in this table, the values obtained by both methods were overall in good agreement for each sample, although a slight discrepancy was observed in a manner that the values for 3HV unit by THM-GC were somewhat lower than those by the conventional method. This observation could be due to the less polarity of the 3HV unit than that of the 3HB unit, which in turn results in a lowered reaction efficiency of 3HV unit with TMAH. Furthermore, the reproducibility for the composition obtained by THM-GC was less than 5% based upon the RSD values for three repeated runs, suggesting satisfactory reproducibility to estimate the composition of P(3HB-co-3HV) in bacterial cells directly.
Conclusions
THM-GC in the presence of TMAH proved to be a rapid and highly sensitive method to determine the copolymer composition of P(3HB-co-3HV) accumulated in trace amounts (0.03 mg) of the C. necator cells without using any tedious and/or cumbersome sample pretreatment. This method enabled us to analyze the compositions of P(3HB-co-3HV) in whole cells directly with sufficient accuracy and precision. Therefore, this THM-GC method can be used as a practical screening tool for bacteria suited for the production of the copolyester with high performances. Research Institute of Nagoya) for his helpful advice and discussion concerning culture of bacteria. This work was supported in part by Japan Health Foundation, Chubu University Grant (A), and JSPS KAKENHI Grant No. 26410164.
